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SECTION  1 


INTRODUCTION 


We  have  developed  a  new  computerized  diagnostic  system  for  the 
pulser  modules  on  MBS.  This  diagnostic  system  uses  electronic 
circuits  to  measure  machine  performance  at  critical  points.  The 
voltage  outputs  of  these  circuits  are  converted  to  digital  form 
and  directly  read  by  a  computer.  The  major  advantages  of  this 
system  are: 

1.  A  single  data  channel  can  be  completely  implemented  for 
about  $300  compared  with  %  $5  K  for  an  oscilloscope  or=s$20  K 
for  a  transient  analyzer. 

2.  The  system  is  more  accurate  than  an  oscilloscope  or 
transient  analyzer. 

3.  Operation  is  fully  computerized  and  will  require  a 
minimum  number  of  personnel  to  operate. 

4.  The  system  is  scalable  to  very  large  multi-module  generators. 

The  approach  used  was  to  locate  areas  where  problems  could  occur 
in  the  MBS  modules  and  place  appropriate  nanosecond  response  trans¬ 
ducers,  such  as  voltage  and  current  sensors,  at  these  locations. 

These  sensors  are  connected  to  circuits  that  will  record  and  hold 
the  parameter  we  are  measuring,  such  as  time,  a  peak  amplitude,  or 
an  integral  of  a  voltage.  The  data  are  converted  to  digital  form, 
read,  and  processed  by  a  digital  computer. 

We  assembled  a  prototype  system  of  this  type  using  commercial 
equipment  and  tested  it  on  the  MBS  module  under  development.  Addi¬ 
tional  diagnostic  system  data  were  collected  for  approximately  two 
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months  while  the  diagnostic  system  ran  automatically  under  computer 
control.  We  found  that  by  using  good  grounding  and  shielding  tech¬ 
niques,  we  could  use  conventional  inexpensive  hardwired  connections 
to  transmit  fast  signals  without  causing  spurious  responses  or 
damage  to  the  circuitry  or  computer. 

We  also  developed  a  comprehensive  plan  for  a  diagnostic  system 
for  a  300-module  MBS.  This  system  has  nanosecond  response  trans¬ 
ducers  located  at  critical  points  in  the  modules,  Marx  pulse  charge 
generators,  and  triggering  system;  the  entire  system  is  comprised 
of  2176  fast  transducers  and  156  essentially  dc  detectors  being 
read  out  by  3452  fast  circuits  and  156  slow  circuits.  The  total 
estimated  component  cost  for  this  diagnostic  system  is  about $780  K. 

Section  2  of  this  report  discusses  the  evolution  of  this  diag¬ 
nostic  system  approach  in  the  context  of  the  FY79  8-pulseline  MBS 
module.  Section  3  describes  the  experimental  work  performed  during 
this  contract  and  presents  data  establishing  the  feasibility  of  such 
a  system.  A  discussion  of  the  full  extension  of  this  approach  to 
a  300-pulseline  MBS  generator,  including  component  cost  estimates, 
is  given  in  Section  4. 


SECTION  2 


BASIC  IDEAS  FOR  A  DIAGNOSTIC  SYSTEM 
AS  APPLIED  TO  AN  8-PULSELINE  MBS  MODULE 

In  this  section,  we  first  review  the  rationale  and  cost 
benefits  of  a  selected  digital  data  acquisition  approach  for  MBS 
instrumentation.  This  approach  is  illustrated  by  reviewing  the 
proposed  diagnostic  system  for  an  8-pulseline  module  of  MBS  to  be 
built  in  FY79.  Sensor  requirements,  sensor  locations,  a  catalog 
of  fault  modes  which  could  be  identified  with  the  diagnostic  system, 
a  description  of  sensor  types  and  electronic  circuits,  and  recom¬ 
mended  computer  interface  hardware  are  discussed. 

2.1  LOGIC  OF  DIAGNOSTICS  SYSTEM  FOR  MBS 

2.1.1  Discussion  of  Full  Analog  Versus  Selected  Digital 
Recording  Approach.  When  the  MBS  was  first  described  as  having 
300  modules,  an  immediate  question  arose — how  could  one  determine 
whether  the  modules  were  functioning  correctly?  With  existing 
technology,  the  minimum  diagnostics  to  determine  a  module  mal¬ 
function  would  consist  of  a  radiation  detector  and  oscilloscope 
for  each  module.  This  approach  would  cost  1.5  million  dollars 
(300  x  $5,000  per  scope  channel),  plus  6  to  8  people  to  operate 
the  equipment  and  reduce  the  data.  Such  a  diagnostics  system 
would  tell  us  only  that  the  module  malfunctioned,  but  nothing 
about  why,  whether  the  malfunction  was  minor,  whether  it  was  a 
random  event,  or  whether  it  could  damage  the  source.  Certain 
malfunction  modes  have  the  potential  to  physically  damage  the 
source  on  a  succeeding  shot,  so  it  would  be  important  that  the 
fault  be  identified  immediately. 


7 


Clearly  a  more  complete  set  of  diagnostics  is  required  to  de- 
fine  the  nature  of  malfunctions  and  pinpoint  repairs  or  corrective 
action.  To  do  this  adequately  using  historical  technology,  i.e., 
oscilloscopes  or  transient  analyzers,  would  cost  more  than  the 
facility  itself  and  leave  the  operators  with  an  unmanageable  mountain 
of  data.  The  approach  we  took  in  this  program  was  prompted  by 
review  of  normal  troubleshooting  methods  for  a  malfunctioning 
machine  using  oscilloscope  traces. 

First  of  all,  we  conceived  the  accelerator  as  depicted  in  the 
block  diagram  shown  in  Figure  1.  Normally  monitors  are  situated  to 
measure  the  inputs  to  a  block  and  the  outputs  from  the  block  that 
form  the  inputs  to  the  next  block.  Troubleshooting  consists  of 
asking  the  following  questions: 

•  Did  the  correct  inputs  enter  block  N? 

If  yes 

•  Did  the  correct  output  exit? 

If  yes 

•  Go  to. Module  (N+l) 

If  no 

•  Malfunction  location  identified.  Determine  cause  of 
malfunction. 

This  model  is  very  similar  to  a  logic  diagram  for  a  computer  (Fig¬ 
ure  2)  and  suggests  very  strongly  that  this  type  of  approach  would 
be  relatively  easy  to  computerize. 

Second,  in  the  process  of  debugging  a  machine,  one  makes  use  of 
a  fair  number  of  oscilloscope  traces  (full  analog  data  recovery),  but 
usually  only  one  or  two  pieces  of  information  on  each  trace  (selected 
digital  points)  are  used  to  quantify  generator  operation.  Since  a 
fully  equipped,  fast  oscilloscope  costs  about  $5,000  per  channel, 
this  is  a  very  expensive  way  of  measuring  a  single  data  point  to 
a  maximum  accuracy  of  3  percent.  In  the  proposal  (PIP-1982,  April 

1978),  we  initially  estimated  the  cost  of  building  electronic 
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MBS  Pulser  block  diagram 


circuitry  to  measure  a  single  digital  point  with  improved  accuracy 
(<  1  percent)  at  $100  to  $200  per  channel.  We  determined  that  many 
of  these  circuits  are  also  commercially  available  as  CAMAC  modules 
(originally  developed  to  measure  radiation  outputs  from  particle 
accelerators)  at  a  cost  of  about  $150  per  channel. 

2.1.2  Diagnostic  System  Logic  as  Applied  to  8-Pulseline  MBS. 

We  illustrate  below  how  this  diagnostic  system  approach  can  be  used 
on  the  8-pulseline  MBS  unit  to  be  built  in  FY79.  Figure  3  shows  a 
single  MBS  pulseline  with  the  proposed  diagnostic  package  in  place. 
Figure  4  shows  a  block  diagram  of  8  modules  with  diagnostics 
installed.  Figure  5  shows  a  block  diagram  of  the  module  diagnostics 
monitoring  package.  Figure  6  shows  a  block  diagram  of  the  diag¬ 
nostics  package  for  the  Marx  Generator  and  triggering  circuit. 

We  will  now  discuss  the  individual  monitor  requirements  and 
rationale  for  instrumentation  of  each  functional  block  in  the  MBS 
system  shown  in  Figure  4. 

Master  Timing  Generator.  Any  synchronized  machine  requires 
triggers  to  initiate  switch  closures,  starting  the  power  flow  in 
the  machine.  Sensors  will  be  placed  on  the  trigger  output  cables 
going  to  the  Marx  and  modules.  The  sensors  will  be  monitored  for 
the  time  difference  between  initiation  and  outputs,  and  for  inte¬ 
grals.  These  are  very  important  measurements,  since  these  trigger 
pulses  are  responsible  for  machine  synchronization  and,  to  a  great 
degree,  whether  the  module  will  function  at  all. 

VMT'  ^he  tr*-99er  to  t^e  Marx,  would  be  timed  to  ensure  that 
it  arrives  on  time  and  the  integral  of  the  voltage . measured  to 
determine  that  the  trigger  cable  and  system  are  not  shorted,  dis¬ 
connected,  or  broken. 

DC  Charging  Circuits — Voltage  and  Current  on  the  Plus  and  Minus 

Legs  of  the  Marx.  These  are  important  measurements  since  the  energy 
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stored  in  the  Marx  is  1/2  qV  .  If  the  stored  charge,  iAt,  is  plotted 
versus  voltage  on  a  terminal  or  digitized  within  the  computer,  it 
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Figure  4  Diagnostic  placement — 8-module  MBS  system. 
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acquisition  system  for  8-module  MBS  system 


is  an  indicator  of  the  condition  of  the  Marx.  The  plot  should  be 
nominally  linear.  If  the  plot  shows  an  abnormally  low  charge  for 
a  given  voltage,  it  implies  that  capacitors  are  disconnected  or 
charging  resistors  have  broken  contact.  An  abnormally  high  slope 
on  the  charge-voltage  curve  beginning  at  a  certain  voltage  implies 
that  a  spark  gap  is  breaking  down.  Deviations  from  linearity  indi¬ 
cate  a  bad  contact. 

A  high  slope  throughout  the  charge  indicates  a  leaky  or  shorted 
capacitor  or  poor  quality  oil.  Examples  of  these  cases  are  plotted 
in  Figure  7.  Certain  of  these  malfunctions  would  require  the  com¬ 
puter  to  immediately  alert  the  operator  to  take  the  Marx  out  of 
service  for  repairs;  the  computer  might  possibly  adjust  gas  pres¬ 
sure  in  the  Marx  automatically.  V  is  the  Marx  output  voltage 

mo 

measured  before  any  isolating  resistors  to  the  individual  modules. 

An  abnormally  low  voltage  at  V  combined  with  abnormally  low  pulse 

mo 

charge  voltages  on  the  VpCn  monitors  would  imply  a  switching  mal¬ 
function  in  the  Marx.  A  high  reading  on  VmQ  combined  with  an 
abnormal  reading  of  VpCn  on  single  modules  would  imply  that  one 
line  was  badly  connected.  A  high  reading  on  V  combined  with 
fairly  uniform  lower  readings  on  the  module  pulse  charge  voltages 
Vpcn  would  imply  that  the  isolating  resistors  were  of  too  high  a 
value. 

Energy  Store.  The  input  to  the  energy  store  is  vmQ.  The 

module  output  is  the  pulse  charge  voltage  V  and  VT  .  v 

pen  In  pen 

is  the  voltage  measured  several  nanoseconds  before  the  voltage 
drops  when  the  switch  closes.  Possible  fault  modes  indicated  by 
V  are:  (1)  low  stored  energy,  indicated  by  a  low  reading  on  V 
compared  with  the  dc  charging  voltage  and  the  V  ;  this  problem 
could  be  caused  by  a  charging  resistor  with  too  high  a  value  or 
conductive  water;  (2)  an  electrical  breakdown  through  the  water 
or  along  the  switch  envelope,  indicated  by  a  slightly  low  reading 
on  Vpcn  and  a  low  or  negligible  output  on  Vjn  accompanied  by 
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closure  before  the  trigger  and  later  monitors  (see  Table  1,  line  8). 
Both  the  voltage  at  the  breakback  and  the  time  when  the  breakback 
occurs  should  be  measured.  The  computer  should  keep  a  record  of 
line  breakdowns,  and  if  they  occur  excessively,  on  consecutive  pulses, 
or  at  very  low  voltages,  the  module  should  be  removed  from  service. 

The  Switch.  The  input  to  the  switch  functional  block  is  stored 
energy  measured  by  VpCn»  and  the  trigger,  the  arrival  time  and 
quality  of  which  are  measured  by  VTn.  The  output  measured  is 

V  ,  the  switch  output  voltage.  The  integral  of  amplitude  of 

V  would  be  determined.  The  time  when  the  switching  occurred 

would  be  measured  by  the  breakback  on  V  .  Malfunction  modes 

1  pen 

that  would  be  indicated  are  the  water  breakdown  described  in 
the  energy  store  section,  and  the  switch  self-closing.  A  self¬ 
break  on  the  switch  would  be  indicated  by  a  closure  time  before 
the  trigger  and  essentially  normal  amplitudes  down  the  pulse  line 
(see  Table  1,  line  7).  A  triggered  switch  closure  at  a  slightly 
abnormal  time  would  be  indicated  by  normal  integrals  and  abnormal 
times  propagated  down  the  pulse  line.  The  abnormal  switching  would 
affect  the  simultaneity  of  the  modules  and  degrade  the  radiation 
output  risetime  (see  Table  1,  lines  12  and  13). 

Transformer  and  Pulse  Shaper  Functional  Block.  The  input 

information  to  this  block  is  measured  by  outputs  from  V  .  The 

In 

outputs  from  this  stage  are  measured  at  VT_  and  also  at  V„  and 
c  Iln  Tn 

I  .  Potential  problem  areas  through  this  stage  are:  (1)  losses 
due  to  conductive  water;  (2)  breakdown  in  the  water  or  on  the  water 
plastic  interface;  and  (3)  incorrect  closure  of  the  prepulse  switch. 
The  loss  condition  would  show  as  low  voltage  levels  throughout  the 
system  and  probably  excessive  delay  in  prepulse  switch  closure  as 
measured  by  VT  and  time  of  pulse  arrival  (Table  1,  line  24).  A 
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breakdown  in  the  lines  would  show  itself  as  normal  pulse  charge 
and  voltage  V  followed  by  low  readings  on  VJIn,  vTnr  and  I  , 
(Table  1,  lines  16  and  17).  This  problem  is  normally  caused  by 
a  gas  bubble  in  the  line,  misassembly,  or  a  cracked  switch  leaking 
gas.  The  computer  should  definitely  be  programmed  to  look  for 
these  modes.  Incorrect  closure  time  is  indicated  as  a  change  in 
the  time  interval  between  V^n  and  VTn  accompanied  by  a  change  in 

VTT  f  vm  *  and  I m  (see  Table  1,  lines  14  and  15). 

I In  Tn  Tn 

Diode .  The  wave  traveling  up  the  line  to  the  diode  has 

its  shape  defined  by  system  geometry  and  to  a  slight  degree  by 

the  delays  and  characteristics  of  the  switches.  At  the  diode, 

various  load  conditions  result  in  significant  waveform  changes. 

Accordingly,  we  have  situated  three  instruments  near  each  diode-- 

VTn,  the  diode  voltage  monitor;  1^,  the  current  monitor  located 

before  the  insulator;  and  I  ,  the  cathode  current  monitor. 

cn  Tn 

is  instrumented  with  an  integrating  analog-to-d ig i tal  converter 
and  a  time- to-digital  converter  to  measure  voltage  arrival  time 
and  prepulse  switch  timing. 

I  and  I  are  instrumented  with  integrating  analog-to- 
digital  converters.  Among  the  possible  problems  at  the  diode 
are:  (1)  changes  in  output  photon  energy  caused  by  small  changes 
in  diode  spacing  and  size;  (2)  dirty  insulators,  which  result  in 
surface  flashover  robbing  the  diode  of  energy;  (3)  misad justment 
or  damage  in  the  cathode,  which  can  result  in  a  diode  short  and 
therefore  zero  energy  transfer  to  the  diode.  The  main  conditions 
we  can  determine  from  diode  diagnostics  are  normal  pulses  (Table  1, 
line  1)  insulator  flashes,  (Table  1,  line  19),  diode  shorts 
(Table  1,  line  20)  and  total  diode  energy  and  mean  energy.  We 
will  discuss  response  to  various  conditions  when  we  discuss 
detectors . 
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Radiation  Detection,,  A  number  of  devices  could  be  used;  the 
most  likely  candidates  would  be  similar  to  the  flat  response 
pin  diode  for  total  energy,  and  Ross  filtered  pin  diodes  or  photo¬ 
multipliers  for  developing  a  "handle"  on  the  spectrum.  Measuring 
the  output  of  this  type  of  device  to  obtain  total  energy  is  trivial 
since  commercial  charge  integrating  analog-to-digi tal  converters 
designed  to  do  this  are  available  for  about  $150  per  channel  with 
12  channels  per  module.  This  type  of  device  offers  the  advantage 
of  data  that  are  available  within  a  second  or  two  and  included  on 
printouts  with  the  pulser  performance  data.  This  type  of  radiation 
detection  system  on  the  SXTF  module  would  be  convenient  because  it 
would  give  both  operator  and  user  an  immediate  reading  on  the  radia 
tion  fluence  and  spectrum. 

2.2  DETECTORS  AND  CIRCUITRY 

We  will  describe  the  individual  devices  actually  used  as 
sensors,  along  with  the  circuitry  for  each  device  we  intend  to  use. 

Trigger  Output  Monitor.  Typical  trigger  output  waveforms 
will  appear  similar  to  that  shown  in  Figure  8.  They  will  be 
measured  by  a  capacitive  voltage  divider  connected  over  the  coax 
cable  feeding  the  trigger  into  the  module.  This  output  will  be 
measured  with  a  time-to-digi tal  converter  measuring  the  pulse  arri¬ 
val  time  and  a  charge  integrating  analog-to-digi tal  converter.  Fig 
ure  8  shows  how  the  integral  will  change  with  fault  modes,  (See 
also  Table  1,  lines  9,  10,  and  11.)  Both  Marx  and  module  triggers 
will  be  monitored  in  this  fashion. 

Marx  Output  Voltage  Monitor.  The  Marx  generator  output  volt¬ 
age  provides  a  measure  of  the  performance  of  the  Marx  and  indi¬ 
cates  the  amount  of  energy  available  from  the  Marx.  Since  the 
individual  pulse  forming  lines  are  resistively  isolated  from  the 
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Marx,  the  Marx  output  voltage  is  not  necessarily  a  good  measure  of 
energy  stored  in  the  lines.  Probably  the  best  way  to  measure  the 
Marx  output  voltage  V  is  with  a  sample-and-hold  circuit  gated 
somewhat  before  the  trigger  pulse  to  the  lines  arrives.  Measuring 
Marx  output  with  sample-and-hold  triggered  at  a  fixed  time  pro¬ 
vides  a  measure  of  security  against  spuriously  low  measurements 
from  the  gate  being  triggered  by  a  module  prefiring.  The  trans¬ 
ducer  would  probably  be  a  copper  sulfate  resistor-divider  network. 

Module  Pulse  Charge  Voltage  Monitor  (VpCn) *  This  device 

measures  the  voltage  on  the  pulse  forming  line.  We  are  actually 

interested  in  knowing  the  voltage  on  the  line  at  the  instant 

2 

of  switching,  since  the  stored  energy  of  the  line  is  1/2  CV  . 

A  typical  waveform  is  shown  in  Figure  9.  The  waveform  is 
approximated  by  V  =  Vq  (1-coscut)  until  the  main  switch  closure, 
when  the  voltage  will  drop  to  one-half  its  prior  value  in  10  to 
15  ns.  The  best  way  to  measure  this  waveform  would  be  to  develop 
a  track-and-hold  circuit  that  could  be  triggered  to  track  on  the 
positive  slewing  transient.  The  "held"  voltage  would  be  con¬ 
verted  to  digital  form.  This  circuit  does  not  require  the  high- 
frequency-response  (and  high-priced)  input  amplifiers  that  an  ade¬ 
quate  sample-and-hold  circuit  would  require.  The  track-and-hold 
would  give  correct  data  on  machine  malfunction  conditions  as  long 
as  the  positive  breakback  occurred. 

Developing  these  circuits  is  the  most  logical  and  economical 
method  for  pulse  charge  diagnostics  for  the  full  MBS  module.  The 
block  diagram  for  the  pulse  charge  measuring  circuit  is  shown  in 
Figure  10.  The  circuit  would  be  set,  so  that  voltage  on  the  capacitor 
would  be  virtually  that  of  the  input  signal.  When  the  "track"  com¬ 
mand  came,  the  capacitor  would  hold  the  voltage  from  the  instant 
before  the  voltage  drop. 
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NORMAL  WAVEFORM 


WAVEFORM  OUT  OF  TRACK  AND  HOLD 


•  / 


Switch  Output  Voltage  Monitor.  vIn/  the  voltage  from  the 
pulse  forming  line,  is  measured  with  a  capacitive  divider.  Nor¬ 
mally  it  does  not  vary  in  shape,  only  in  amplitude,  depending  on 
the  line  switching  voltage.  This  waveform  can  be  adequately 
characterized  by  taking  the  integral  of  the  trace  electronically, 
unless  switching  anomalies  slow  the  risetime  of  the  pulse.  The 
output  voltage  after  the  prepulse  switch  V  is  also  measured 

with  a  capacitive  divider.  Variations  in  the  amplitude  of  this 
wave  are  most  likely  to  be  caused  by  losses  in  the  transmission 
line.  The  waveform  can  be  elongated  or  shortened  by  variation 
in  the  prepulse  switch  hold-off  time.  Taking  the  integral  of 
this  voltage  alone  does  not  distinguish  between  these  modes,  but 
by  measuring  the  time  difference  between  the  main  switch  closure 
and  the  prepulse  switch  closure,  the  two  conditions  could  be 
distinguished  by  a  simple  algorithm.  This  time  could  be  measured 
either  at  this  point  or  at  the  diode;  since  there  is  a  fixed 
distance  and  no  switches  between,  the  time  difference  should  be 
no  more  than  the  spacing  times  the  speed  of  light  in  water.  If 
we  measured  the  time  of  pulse  arrival  at  both  locations  and  set 
one  for  a  long  interval,  we  would  have  a  means  of  determining  if 
a  malfunction  occurred  outside  of  our  high-resolution  time  window. 
These  measurements  also  provide  a  redundant  time  measurement  in 
case  of  malfunction  of  the  diode  diagnostics. 

Diode  Diagnostics .  These  are  monitors  for  diode  (tube) 
voltage,  vTn*  diode  current  measured  in  the  water,  I  ,  and  cur¬ 
rent  in  the  cathode,  I  .  Typical  waveforms  are  shown  in  Fiq- 
ures  11a,  lib,  and  11c  along  with  waveforms  of  possible  fault  con¬ 
ditions.  Measuring  the  areas  under  these  curves,  i.e.,  the  integrals 
with  integrating  analog- to-dig i tal  converters,  gives  an  adequate 
signature  from  each  detector  in  the  malfunction  mode  described. 
Conditions  which  these  monitors  are  unable  to  distinguish  are  late¬ 
time  diode  shorts  and  otherwise  normal  shots  into  lower- impedance 
diodes.  This  is  an  important  distinction,  since  the  MBS  spectrum 
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HORIZONTAL  SCALE:  10  ns/DIV 
VERTICAL  SCALE:  ARBITRARY 


Figure  11a  Diode  voltage,  Vj. 


Figure  lib  Diode  current  waveform.  Ip, 


- NORMAL 


Figure  11c  Cathode  current,  I„. 


9 


can  be  considerably  different  in  the  two  cases.  It  is  possible 
that  other  circuits  could  be  built  that  would  distinguish  between 
these  conditions.  An  analog  multiplier  feeding  into  an  integrating 
analog-to-digi tal  converter  would  distinguish  these  modes.  This 
would  directly  measure  diode  energy  by  taking  the  VIdt  =  energy. 

Radiation  Diagnostics.  It  would  be  very  useful  to  have  an 
on-line  computerized  set  of  radiation  diagnostics  for  the  con¬ 
venience  of  facility  users  and  ease  of  handling  data  in  the  develop¬ 
ment.  This  is  a  trivial  computerized  measurement  to  make  since 
commercial  modules  are  available.  Since  the  signal  is  unipolar 
and  does  not  oscillate  like  machine  output  signals,  gating  is  no 
problem.  The  gate  can  be  left  open  for  a  long  period  when  one 
might  expect  a  signal. 

2.3  DATA  INTERFACES 

One  decision  that  has  to  be  made  very  rapidly  when  specifying 
a  computerized  data  acquisition  system  is  the  type  of  interface 
-with  the  computer.  The  interface  is  composed  of  the  wiring  diagram 
and  card  size  for  locating  modules,  supplying  power,  transmitting 
and  receiving  data,  and  indicating  status.  Most  computer  manufacturers 
offer  their  own  interfaces.  Computer  manufacturers  will  generally 
try  to  confine  the  customer  to  their  products  as  much  as  possible. 

Two  widely  accepted  interface  standards  exist.  The  one  we 
propose  to  use  is  CAMAC  (Computer  Automated  Measurement  and  Control) , 
which  was  adopted  in  1971  by  the  Committee  of  European  Laboratories 
and  the  AEC.  It  is  now  standardized  by  the  IEC  (The  International 
Electrotechnical  Commission)  and  the  IEEE  in  ANSI/IEEE  standards 
583-1975,  595-1976,  596-1976  and  683-1976. 
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The  other  is  the  HPIB  interface  (IEEE  488).  This  interface 
is  primarily  used  for  small  groups  of  laboratory  instruments  inter¬ 
faced  to  a  computer.  It  is  limited  to  15  devices,  but  many  loops 
can  be  connected  to  a  single  computer.  The  HPIB  transmits  8  bits 
of  data  in  a  byte  serial  mode,  but  transmission  distances  are 
limited  to  20  m. 

CAMAC  has  the  advantage  over  HPIB  that  it  is  actually  designed 
for  large  systems,  such  as  the  3  to  5  thousand  data  channels  that 
may  be  measured  and  controlled  on  the  SXTF  facility.  It  is  also 
computer-  and  vendor- independent.  Any  vendor  selling  CAMAC  instru¬ 
mentation  must  meet  CAMAC  specifications  for  data  transmission, 
power  supplies,  and  module  size  and  interconnection.  Engineering 
and  documentation  for  the  interface  were  developed  and  paid  for 
years  ago.  Now  they  are  available  for  a  nominal  charge  from  the 
IEEE  ($20). 

CAMAC  systems  are  built  around  a  "crate"  which  is  a  powered 
container  holding  the  dataway,  which  is  the  wiring  system  to 
interconnect  the  modules.  It  has  25  slots  for  modules.  The  two 
right-hand  slots  accommodate  a  controller  which  interfaces  the 
CAMAC  system  to  a  computer.  At  present  there  are  probably  con¬ 
trollers  to  interface  six  to  eight  types  of  computers.  The  re¬ 
maining  23  slots  will  accept  modules  that  are  connected  to  the 
device  being  measured  or  controlled.  (See  Figure  12.) 

The  module  can  be  queried  if  it  is  in  position  and  ready  to 
accept  data.  Alternatively  each  module  is  connected  to  the  inter¬ 
face  and  can  request  attention  if  it  has  data.  Data  are  transmitted 
or  received  on  two  24-wire  parallel  data  buses.  All  CAMAC  modules 
are  required  to  transmit  a  24-bit  word  at  a  minimum  transmission 
rate  of  1  MHz.  The  24-bit  word  is  the  decimal  number  16,777,216, 
so  it  is  adequate  for  any  real-time  data  that  we  are  ever  likely 
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Figure  12  Prototype  CAMAC  data  acquisition  system. 


to  accumulate  on  our  modules.  In  practice  the  computers  that  will 
probably  be  used  on  this  type  of  system  are  16-bit  computers  such 
as  the  P DP- 1140  used  in  the  DNA  data  acquisition  system  trailer 
at  PI.  Since  the  computer  can  directly  address  16  channels  per 
module  in  the  crate,  in  principle  it  could  directly  address  368 
discrete  data  channels  per  crate.  Commercial  hardware  is  available 
to  drive  up  to  62  CAMAC  crates  in  a  serial  system.  Theoretically 
it  would  be  possible  with  this  62-crate  system  to  address  22,816 
discrete  data  channels  with  the  computer.  We  project  that  on  the 
full  300-module  MBS  system,  we  will  be  interrogating  approximately 
3000  devices  controlling  another  500  to  1000  output  units.  The 
CAMAC  serial  data  highway  has  adequate  data  capabilities  for  the 
type  of  system  we  are  proposing.  The  cost  without  quantity  dis¬ 
counts  to  implement  one  crate  on  a  serial  highway  is  $3690.  This 
unit  will  accommodate  the  356  data  channels  and  offers  a  fully 
interfaced  and  powered  system  for  $10.02  per  channel. 

The  4  modes  of  interfacing  CAMAC  crates  to  the  computer  are 
shown  in  Figure  13.  A  more  complete  description  of  the  CAMAC  inter¬ 
face  is  given  in  Reference  5.  References  3  and  5  in  the  bibliography 
contain  good  articles  on  communications  interfaces. 

We  recommend  that  the  data  acquisition  system  adopt  the  CAMAC 
format.  All  our  projections  and  estimates  are  based  on  incorpora¬ 
tion  of  a  CAMAC  system. 

2.4  GENERAL  COMMENTS  ON  DATA  ACQUISITION  CIRCUITRY 

The  commercial  hardware  available  is  well  conceived  and  versa¬ 
tile.  Commercial  time-to-digital  converters  are  available  from 
two  vendors  at  $150  per  channel.  Both  would  be  very  difficult  to 
improve  upon.  They  will  resolve  time  differences  of  100  picoseconds 
or  less  and  are  linear  to  -0.1  percent.  We  plan  to  use  these  units 
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Figure  13  Methods  of  interfacing  CAMAC  to  the  computer. 
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to  measure  time  intervals.  The  major  improvements  that  could  be 
applied  to  this  hardware  for  MBS  would  be  to  increase  the  number 
of  channels  per  CAMAC  module,  change  to  a  much  slower  but  cheaper 
analog-to-digi tal  converter,  and  change  to  cheaper  mass-terminated 
connectors.  These  modifications  would  probably  lower  the  unit 
price  to  $50-75  per  channel. 

Several  versions  of  integrating  analog- to-digi tal  converters 
are  available  from  different  vendors.  These  units  were  designed  for 
measuring  the  outputs  of  radiation  detectors  in  nuclear  accelerators. 
They  have  many  features  to  provide  versatility  under  a  wide  range 
of  conditions,  are  very  sensitive,  and  have  high-repetition-rate 
capabilities.  These  analog-to-d ig i tal  converters  require  inputs 
from  peripherals,  usually  gating  circuits.  They  cost  from  $150  to 
$170  per  channel  in  small  quantities  without  peripherals.  For  a 
system  of  less  than  100  or  200  channels,  it  is  reasonable  to  use 
these  commercial  units,  since  engineering  costs  are  virtually  zero. 

Figure  14  is  a  schematic  of  diagnostics  for  an  8-module  MBS 
system,  using  only  commercial  components.  This  diagnostic  system 
has  a  commercial  integrating  analog-to-digital  converter  with 
separate  gates  on  each  channel.  Gating  would  be  done  with  a  single 
discriminator  gating  VPC  and  V  .  Another  discriminator  would  be 
triggered  by  VJI  and  would  gate  V  ,  VT,  1^.  and  Ic.  Integrals  of 
all  trigger  signals  would  be  measured  on  a  separate  converter  and 
gated  by  the  master  timing  pulse. 


TRIGGER 


The  cost  for  a  single  channel  of  this  system  is  as  follows: 


Channel  AD 
Share  of  gate  cost 
Delay  line  (above  normal) 
Gate  cable 

Input  passive  electronics 


$170.00 

55.00 

20.00 

10.50 

50.00 

$305.50  per  channel  plus 

crate  and  controller 


For  the  300-module  MBS  system,  however,  the  most  logical 
approach  would  be  to  design  custom  electronics.  By  designing 
the  acquisition  module  functions  required,  such  as  the  gating 
circuitry,  a  large  amount  of  complex,  space-consuming  external 
hardware  could  be  avoided.  All  the  functions  that  data  acquisition 
modules  require  could  be  incorporated,  and  many  of  the  superfluous 
features  of  commercial  units,  which  are  added  for  the  sake  of 
versatility,  could  be  eliminated. 

Engineering  costs  to  design  custom  circuits  could  not  be 
amortized  on  only  8  modules;  however,  custom  design  would  repre¬ 
sent  a  considerable  savings  both  in  complexity  and  cost  for  a 
300-module  system.  The  circuitry  would  find  application  for  any 
pulser,  so  the  benefits  would  continue  to  accrue. 

By  incorporating  the  peripherals,  such  as  gates  and  delays, 
into  the  CAMAC  modules,  costs  on  2000  units  could  probably  be 
reduced  from  $305  per  channel  to  about  $100. 
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SECTION  3 


EXPERIMENTAL  PROGRAM 


3.1  PROGRAM  PLAN  AND  OBJECTIVES 


Our  goal  for  the  experimental  program  was  to  assemble  an 
operating  diagnostic  system  on  the  prototype  MBS  pulseline  being 
assembled  at  PI  in  FY78.  Our  intentions  were  to: 

1.  Prove  that  the  electronics  and  computer  would  function 
in  the  Pulserad  environment 

2.  Prove  that  one  could  indeed  diagnose  a  machine  with  the 
system 

3*  Develop  experience  to  refine  the  diagnostic  approach  for 
the  future  MBS  system. 

When  the  contract  was  awarded,  we  prepared  a  program  network 
that  included  having  the  prototype  system  fully  operational  and 
taking  data  within  two  months.  Our  original  program  plan  is  shown 
in  Figure  15.  We  actually  had  the  system  on-line  and  operational 
four  days  ahead  of  schedule,  and  all  three  goals  of  the  program 
were  met.  It  should  be  emphasized  that  we  had  no  intention  of 
providing  a  highly  refined  system,  but  only  proving  feasibility. 
Every  decision  emphasized  speed  in  achieving  an  operational  system 
and  maximizing  the  probability  that  the  system  would  work. 
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Figure  15  Diagnostic  development  for  advanced  simulator 
(DNA001-78-C-0333)  . 


3.2  COMPONENTS 


CAMAC  components  were  used  to  build  up  our  prototype.  These 
were  chosen  largely  because:  (1)  a  CAMAC-based  diagnostic  system 
could  be  built  at  minimum  engineering  cost;  (2)  CAMAC  components 
were  available  from  a  local  vendor,  a  factor  that  permitted  quick 
turn-around  in  the  event  repairs  were  necessary;  (3)  CAMAC  systems 
are  available  for  the  PDP-11  series  computers  that  are  used  on 
other  DNA  facilities;  and  (4)  CAMAC  is  also  a  modular  standard  in 
keeping  with  the  philosophy  of  the  MBS  system. 

A  "stand-alone"  system  was  purchased  from  a  local  vendor.  This 
consisted  of  the  following: 

1.  CAMAC  crate 

2.  LSI-11  microcomputer  repackaged  by  the  vendor  as  a 

controller 

3.  Memories 

4.  Minimum  software  package  burned  into  electrically 

programmable,  read-only  memory 

5.  A  Dataway  display  to  aid  in  determining  system  status. 

Figure  12  shows  the  system  fully  assembled  with  an  8-channel 
time-to-digital  converter  and  a  12-channel  integrating  analog-to- 
digital  converter  in  place. 

The  converters  chosen  were  commercial  time-to-digital  con¬ 
verters  and  integrating  analog-to-digital  converters,  intended 
for  use  for  particle  counting  in  nuclear  physics  experiments.  They 
were  also  purchased  from  a  local  supplier  to  minimize  turnaround 
in  case  of  malfunction. 


The  time-to-digital  converter  is  an  11-bit  (2048)  converter, 
which  has  0.048  percent  resolution,  and  -2  count  (0.096  percent) 
nonlinearity.  It  can  be  set  for  100,  200,  and  500  ns  full-scale. 

The  majority  of  our  data  were  taken  in  the  200  ns  scale,  since  we 
used  the  one  converter  to  view  the  entire  train  of  pulses  propagating 
up  the  module.  This  technique  gave  a  resolution  of  100  ps. 

The  analog-to-digital  converter  is  a  10-bit  (1024)  con¬ 
verter  having  a  nonlinearity  of  -0.25  percent  of  reading  (-0.2  per¬ 
cent  of  full-scale). 

Tests  of  these  accuracies  on  actual  module  pulses  will  be 
shown  and  tend  to  confirm  these  values. 

3.3  DIAGNOSTIC  MASTER  TRIGGER 

The  time-to-digital  converter  required  a  common  start  timing 
pulse  and  the  analog-to-digital  converter  a  gating  pulse  to  admit 
the  signal  to  the  integrator.  Although  commercial  units  are  avail¬ 
able  that  generate  a  low-voltage  (-0.8  V)  gate,  we  chose  to  build 
a  gate  generator  similar  to  the  unit  used  to  mark  the  oscilloscope 
traces.  These  units  are  virtually  immune  from  damage  by  over- 
volting  and  do  not  emit  repetitive  outputs  that  cause  spurious 
gating.  They  have  jitter  times  on  the  order  of  a  few  picoseconds 
and  an  output  of  80  volts,  which  can  be  used  as  the  simultaneous 
start  pulse  for  800  time-to-digital  converter  channels. 

3.4  FARADAY  ENCLOSURES  (SCREEN  ROOMS) 

Two  complete  shielded  Faraday  enclosures  were  built  to  shield 
the  electronics  from  electromagnetic  interference.  The  main  en¬ 
closure  was  made  large  enough  to  accommodate  visiting  diagnosticians. 
It  was  used  simultaneously  by  our  data  acquisition  system  and  by 
Lockheed  and  ARACOR  in  turn  when  personnel  from  these  companies 
took  data  on  the  MBS  module. 


We  will  illustrate  the  operation  of  our  system  with  data  from 
seven  consecutive  shots.  These  seven  shots  were  chosen  for  illus¬ 
tration,  since  within  these  shots  two  distinct  diode  impedance 
conditions  are  shown,  and  three  shots  show  diode  insulator  flashes. 
Also  photos  overlaying  oscilloscope  traces  were  taken,  which 
illustrate  very  graphically  the  insulator  flashes. 

3.5  3-D  RESULTS 

Figure  16  shows  a  set  of  data  taken  with  the  computerized 
data  acquisition  system  on  a  single  module  of  the  MBS  system.  It 
shows  seven  consecutive  shots  exhibiting  four  normal  beam  condi¬ 
tions  and  three  pulses  with  insulator  flashes.  A  schematic  of  the 
MBS  module  is  shown  with  arrows  pointing  to  diagnostic  locations. 

The  Table  in  Figure  16  shows  the  output  of  the  electronic  sen¬ 
sors — the  time  in  nanoseconds  after  the  trigger  and  the  integral 
of  the  pulse  for  every  trace  except  the  pulse  charge.  The  integrals 
are  in  arbitrary  units,  since  we  did  not  fold  in  calibration  factors 
on  the  sensors.  Shots  706  and  707  are  normal  shots  with  a  time 
spread  of  1.5  to  2.0  ns  between  the  pulses.  The  diode  was  opened 
at  this  point  and  readjusted.  Shots  708  through  709  show  an 
insulator  flash  in  the  vicinity  of  current  monitor  B.  On  shots  711 
and  712,  normal  shots  are  obtained  at  a  slightly  higher  diode  im¬ 
pedance  . 

Below  the  tabulated  data  are  overlays  of  oscilloscope  traces 
from  pulses  709  through  712.  We  can  see  that  there  is  little 
difference  between  the  tabulated  integrals  for  VpUise  charge, 

,  and  V2 .  At  first  glance,  the  oscilloscope  traces  appear  to 
be  from  one  pulse,  and  the  deviation  on  the  integrals  about  1/2  per¬ 
cent.  The  oscilloscope  photo  for  VT  shows  three  distinct  traces 
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Shot 

No. 

— / 

Pulse 

Charge 

Voltage 

Time  Measured 
by  HP  5730A 
(nanoseconds) 

Time  Measured 
by  Time-to- 
Digital  Converter 
(nanoseconds) 

f  VdT 

Time  Measured 
by  Time-to- 
Digital  Converter 
(nanoseconds) 

f  VdT 

Time  Measured 
by  Time-to- 
Digital  Converter 
(nanoseconds) 

/  VdT 

- 1 

Time  Measured 
by  Tinie*to- 
Digital  Convert*  i 

(nanosecond*)  \ 

706 

_ 

14.2 

14.2 

693 

64.2 

379 

80.9 

441 

116.5  j 

707 

— 

15.8 

16.1 

693 

66.9 

373 

82.9 

443 

118.3  i 

708 

250 

13.5 

13.4 

682 

63.4 

384 

80.2 

439 

115.3 

709 

253 

16.3 

16.3 

678 

66.3 

376 

83.3 

433 

118.7 

710 

251 

16.4 

16.4 

681 

66.1 

376 

83.6 

432 

118.6 

711 

254 

16.5 

16.1 

678 

66.0 

375 

83.2 

433 

118.4 

712 

254 

14.5 

14.7 

678 

64.7 

380 

82.3 

434 

117.2 

W4 


Figure  16  Summary  of  data  from  MBS  pulses  706  to  712. 
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l  379 
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116.5 
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356 
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519 

140.9 

592 

i  373 

82.9 

443 

118.3 

764 

356 

401 

534 

142.3 

606 

;  384 

80.2 

439 

115.3 

732 

350 

639 

412 

139.3 

602 

•  376 

83.3 

433 

118.7 

746 

341 

577 

402 

143.0 

611 

[  376 

83.6 

432 

118.6 

617 

344 

843 

266 

143.0 

401 

!<  375 

83.2 

433 

118.4 

780 

336 

382 

506 

142.4 

687 

380 

82.3 

434 

117.2 

779 

339 

384 

503 

141.1 

694 

having  the  same  peak  amplitude,  but  beginning  to  drop  to  the  base¬ 
line  at  different  times.  The  wider  trace  appears  brighter  and  is 
probably  an  overlay  of  traces  711  and  712.  The  integrals  of  VT 
on  shots  709  and  710  are  indeed  lower  than  those  on  shots  711  and 
712.  IT  ,  the  current  on  one-half  the  diode  shows  little  change 
both  on  fche  oscilloscope  waveforms  and  digital  outputs;  however, 

I  shows  a  much  enlarged  digital  output  on  shots  709  and  710. 

*  B 

The  oscilloscope  traces  show  one  heavy  normal  trace  which  is  an 

» 

overlay  of  pulses  711  and  712  and  two  lighter  traces  diverging  to 
higher  amplitudes  about  25  and  35  nanoseconds  into  the  pulse.  Ic 
the  current  monitor  on  the  diode  past  the  diode  insulator  shows 
a  drop  in  the  integral  of  the  current  on  pulses  709  and  710  from 
pulses  711  and  712,  indicating  a  loss  prior  to  the  anode-cathode 
gap.  The  Ic  waveform  shows  a  bright,  high-amplitude  trace  repre¬ 
senting  normal  shots  711  and  712  and  two  distinct  shorter  lower- 
amplitude  pulses. 

The  radiation  diagnostics  show  correspondingly  low  outputs 
on  pulses  709  and  710.  There  are  no  oscilloscope  traces  shown 
for  shots  706  and  707,  but  they  were  normal  shots  with  slightly 
lower  voltage  amplitudes  as  are  the  digital  outputs.  This  con¬ 
dition  implies  a  lower  mean  voltage,  which  probably  caused  the 
radiation  outputs  to  be  13  percent  lower  than  on  shots  711  and  712. 

Timing  and  synchronization  of  modules  is  very  important  for  a 
pulser  such  as  MBS.  We  use  a  "time-to-digital"  converter  to 
measure  the  time  between  the  trigger  pulse  and  the  output  pulse 
flowing  in  the  line  or  radiation  appearing  at  the  target.  The  first 
two  columns  of  Table  2  show  a  comparison  of  results  for  the  time 
interval  between  the  trigger  and  output  voltage  pulse  in  the  line. 
The  deviation  between  the  measurements  on  the  two  detectors  is 
a  few  tenths  of  nanoseconds.  The  timing  data  on  voltage  and  radia¬ 
tion  outputs  follow. 
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TABLE  2 


NORMALIZED  DATA  FROM  SHOTS  706  TO  712 


Delay/  Trigger  to  Vj 
(nanoseconds) _ 


HP  5730A 

Time-to-Digital 

Converter 

Radiation  Output 
(nanoseconds ) 

Mean  Time 

Delay 

15.33 

15.31 

141.7 

Standard 

Deviation 

1.20 

1.21 

1.35 

Variance 

1.26 

1.26 

1.57 

It  is  quite  obvious  that  the  correlation  between  the  Hewlett 
Packard  5730A  counter  and  the  time-to-digital  converter  (TDC)  is 
good  and  also  the  jitter  in  radiation  output  is  comparable  to  that 
of  voltage  out.  A  further  check  on  our  timing  method  is  to  measure 
the  difference  in  time  between  monitors  fixed  in  the  line  with  no 
intervening  switches.  These  pairs  of  monitors  are  V2-Vi  and  vt~V3’ 
Additionally  we  claim  that  the  radiation  output  should  occur  a 
fixed  time  after  the  onset  of  voltage  in  the  diode.  These  checks 
are  stringent  tests,  since  signals  actually  come  from  detectors 
on  the  pulser  and  are  passed  through  the  entire  signal  handling 
system. 


Table  3  shows  the  data  from  shots  706  to  712. 


TABLE  3 

DIFFERENCES  IN  TIME  BETWEEN  FIXED  POINTS  ON  MBS 
(Times  in  Nanoseconds) 


Shot 

V  1  -V 

VI  VI 

V  -V 

T  VII 

h*'-VT 

706 

50.0 

35.6 

24.4 

707 

49.8 

35.4 

24.0 

708 

50.0 

35.1 

24.0 

709 

50.0 

35.4 

24.3 

710 

49.7 

35.0 

24.4 

711 

49.9 

35.2 

24.0 

712 

50.0 

34.9 

23.9 

Mean 

49.91 

35.23 

24.12 

Standard 

Deviation 

0.122 

0.25 

0.21 

Variance 

0.0127 

0.053 

0.04 

Since 

the 

least  significant 

bit  is  0.1  ns,  these 

standard 

deviations 

are 

little  more  than 

quantized  error. 
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SECTION  4 


COST  PROJECTIONS  FOR  THE  SXTF 


This  program  has  demonstrated  that  module  performance  can  be 
well  documented  using  sensors  at  critical  points  and  reading  out 
key  parameters  with  electronic  circuitry.  We  feel  that  each  of 
these  circuits  can  be  implemented  in  fully  interfaced  hardware 
for  about  $100  to  $150  per  channel.  This  program  recommends  the 
most  cost-effective  way  to  diagnose  module  performance  that  has 
been  proven  to  function. 

We  will  recommend  a  diagnostic  system  for  the  300-module  MBS 
proposed  by  Physics  International.  This  diagnostic  system  could 
be  used  with  other  vendors*  modules  by  using  an  analysis  similar 
to  that  shown  for  Pi's  module. 

First,  we  recommend  a  hardwired  system  to  carry  the  fast 
analogue  signals.  A  solid  cable  can  be  connected  for  about  $0.50 
per  foot  and  $6.00  per  connector.  A  75-foot  run  with  4  connec¬ 
tions  would  amount  to  about  $62.00  per  cable.  One  must  use 
reasonable  care  in  cable  and  connector  selection,  cable  routing, 
and  use  of  a  shielded  enclosure  for  the  readout  system.  No 
problems  with  our  test  system  were  encountered,  even  though  the 
system  was  not  optimized,  as  would  be  done  in  a  newly  designed 
facility. 

Other  potentially  feasible  types  of  systems  are  fiber  optic 
systems  and  digital  optical  transmission  systems.  However,  a 
fiber  optic  system  is  not  recommended,  since  no  large-scale  ana¬ 
logue  fiber  optic  systems  have  been  developed  commercially. 
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Digital  optical  transmission  systems,  which  are  much  less  complex 
than  analogue  systems,  are  commercially  available  for  $600  to  $800 
per  channel,  exclusive  of  cable.  Prices  are  continually  decreas¬ 
ing,  but  it  is  unlikely  that  an  analog  optical  transmission  system 
at  a  reasonable  price  will  be  available  in  time  to  impact  SXTF. 

Secondly,  we  recommend  the  CAMAC  System  for  the  module 
diagnostic  system.  CAMAC  is  a  well  conceived  system  that  has 
been  in  operation  for  a  number  of  years — long  enough  to  have  been 
debugged.  Since  it  is  a  nonproprietary,  international  standard 
system,  procurement  of  components  and  parts  can  be  made  competi¬ 
tively;  there  would  be  no  necessity  to  purchase  from  a  particular 
computer  vendor.  Additionally,  there  are  no  engineering  costs  to 
set  up  the  interfaces  and  protocols. 

This  system  would  have  a  block  diagram  similar  to  Figure  4 
where  the  following  parameters  are  monitored. 
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MODULE  DIAGNOSTICS  FOR  300-MODULE  MBS 
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TABLE 


Cabling  Shunts 


The  system  encompasses  3420  channels  of  fast  instrumentation. 
If  we  assume  that  the  mean  number  of  channels  per  CAMAC  module  is 
16,  there  are  214  modules.  A  reasonable  guess  would  be  that  20 
modules  would  be  installed  per  crate,  so  11  crates  and  controllers 
would  be  required.  These  crate  and  interface  hardware  require¬ 
ments  are  summarized  in  Table  6. 

TABLE  6 

CAMAC  CRATES  AND  INTERFACE  HARDWARE 


Number 

Cost 

Total 

Item 

Required 

per  Item 

Cost 

Crate 

11 

$1,995 

$21,949 

Serial  Driver 

1 

2,250 

2,250 

Controller 

11 

1,655 

18,205 

Cabling 

Termination 

11 

40 

440 

Terminator 

1 

275 

275 

$43,119 


This  configuration  represents  a  minimum  package  interfaced 
to  a  serial  port  of  a  mini-computer  such  as  a  PDP-1140.  The  total 
cost  does  not  include  the  cost  of  facilities  software  or  engineering, 
since  it  is  virtually  impossible  to  price  these  items  until  they 
are  defined.  (See  Table  7.) 


TABLE  7 

PROJECTED  TOTAL  COMPONENT  COSTS  FOR  MBS  PULSER  INSTRUMENTATION 

Module  Diagnostics,  Cabling,  and  Instrumentation  $691,650 

Marx  Electrical  Diagnostics  41,477 

CAMAC  Crates  and  Interface  Hardware  43,119 

Estimated  Total  Component  Cost  $776,246 

This  cost  estimate  is  exclusive  of  labor  required  for  instru¬ 
mentation  system  assembly  and  check-out. 
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The  price  estimates  on  the  electronics  are  largely  based  on 
quantity  discount  prices  for  commercially  available  integrating 
digitizers  and  time-to-digital  converters.  The  company  which 
produces  these  digitizers  and  converters  also  produces  similar 
modules  for  nuclear  physics  instrumentation  with  the  high-density 
packaging  and  lower  repetition  rate  that  we  require.  These  modules 
sell  for  about  $50  per  channel  in  large  quantities.  They  are  not 
suitable  for  the  MBS  application  without  large  amounts  of 
peripheral  hardware.  However,  their  availability  does  suggest  that 
the  quantities  of  the  type  of  units  we  require  could  be  built  for 
$75  to  $100  per  channel.  Since  in  general  the  price  of  electronics 
is  steadily  decreasing,  one  could  expect  future  reductions  in  cost 
rather  than  increases. 
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